Introduction
Full multigrid (FMG) algorithms a'2,9'1s'22'_a are the fastest solvers for elliptic problems. These algorithms can solve a general discretized elliptic problem to the discretization accuracy in a computational work that is a small (less than 10) multiple of the operation count in one target-grid residual evaluation. Such efficiency is known as textbook multigrid efficiency (TME). 3 The difficulties associated with extending TME for solution of the Reynolds-averaged Navier- 
where the conserved variables . _kre Q -- (pu, pv, pw, p, pE) T, representing the momentum vector, density, and total energy per unit volume, and 
and 7 is the ratio of specific heats.
The time-dependent nonconservative equations are found readily by transforming the time-dependent con-
For steady-state equations, the time derivative is dropped.
In an iterative procedure, the correction 5q =-qn+l _ (in, where n is an iteration counter, can be computed from the equation 
where A is the Laplace operator, and Q2 _ c2A represents the full-potential operator.
Note that the right side of the correction equation (9) is a combination of conservative-discretization residuals.
The left side approximates the nonconservative equations. Thus, away from discontinuities in the flow field, we expect a good correction to the previous solution approximation.
Distributed
The distributed equations replaces M __
Relaxation: Differential
Equations relaxation method for the Euler 5q in (9) by MSw, 
where A is a discrete Laplace operator.
For staggered grids, the discrete full-potential operator appeared in the brackets is a reasonable helliptic operator. However, its stencil is somewhat wide (because of QhQh) and does not reflect the physical anisotropies of the differential full-potential operator.
The collocated-grid full-potential operator also has a wide stencil but suffers a more serious drawback:
The Laplace operator
A h is a wide (with mesh spac- A way to improve the discrete full-potential operator is to change the discretization of Qh to (_h +Ah. Then the discrete flfll-potential operator is changed to
If the operator .4 h is at least second-order small (proportional to h2), the overall second-order discretization accuracy is not compromised.
The ideal choice for
A h is A h = (Qh)-17) 
where .T h is a desired discrete approximation for the full-potential factor. We omit the discussion on what would be the best diseretization for the multidimensional subsonic full-potential operator. Note only that it is possible to construct a discretization that satisfies the following properties:
(1) At low Mach numbers, the discretization is dominated by the standard (with mesh spacing h) h-elliptic Laplaeian.
(2) For the Mach number approaching unity, the discretization tends to the optimal discretization for the sonic-flow fullpotential oper ator (see < 5,10).
)-1 The discrete operator
The corresponding tributed relaxation is 
One-Dimensional Euler System
The steady-state one-dimensional equations express the conservation of momentum, mass, and total energy as R(Q)
where Q =_ (pu,p, pE) T, a = &_(F).
(24)
The flux F is defined as 
The set of the nonconservative equations is defined as "/pOx uOx 0 P 
where the _h operators are defined at the same locations as the corresponding operators in (28), i.e., for collocated grids -at integer points, for staggered grids -the first operator, 7_ h, is defined at half-integer points. Tilde values are arbitrary interpolations satisfying the desired accuracy order, and the A-notation is self-explanatory.
Using (27) For staggered grids, the bar-operators ('_h,_ku,_P, and Ae) are averaged from the neighboring locations. Approximations to the second and third equations of (28) are similarly computed:
For ,h" = 3`D" -(7 -1)D_,
-_+3'M2 (_"+_M_S"), /3S/ a_:0 (¼D_ +(Z-_-! +_) _ -_a,') 139) 
The fluxes in representation of the D-derivative terms of (29 
The factor ¢ is introduced into the mass flux so the scheme remains conservative, as
where the fully-upwind scheme is used and Q* is taken as Q. Since ¢ is second order small, zero conditions are imposed at the boundaries.
Numerical Tests
Computational results are shown in this section for the quasi-one-dimensional Euler equations. A uniform grid of N points is used over the domain 0 < x < 1 with h = 1/(N-1). The area distribution is defined-as _(x) = 1 -0. 8x(1 -x) . The flow is fully subsonic and the inflow Mach number is 0.5. For all of the results presented below, we overspecify values from the exact solution of the differential problem at. the boundary and at locations outside the domain; hence conservative fluxes are established at the half-grid locations surrounding the interior points. The maximum discretization errors versus grid size in Fig. 1 shows a second-order spatial convergence. The results were converged using a Fnll Multigrid (FMG) cycle starting from a converged solution for h = 1/16 and using two relaxations of a nonconservative operator, Eq. (15), at each subsequent level.
In 
